ABSTRACT: Bottom trawling causes widespread physical disturbance of sediments in seas and oceans and affects benthic communities by removing target and non-target species and altering habitats. One aspiration of the ecosystem approach to management is to conserve function as well as biodiversity, but trawling impacts on benthic community function need to be understood before they can be managed. Here we present the large scale and long term impact of chronic trawling on the functional composition of benthic invertebrate communities using a comprehensive set of functional traits. The effects of chronic trawling disturbance on the functional composition of faunal benthic invertebrate communities, as sampled with a small beam trawl, were investigated at 6 to 13 sites in each of 4 contrasting regions of the North Sea. Each site was subject to known levels of trawling disturbance. Information on the life history and ecological function traits of the taxa sampled was translated into fuzzy coding and used to analyse the relationship between life history and functional roles within the ecosystem. Multivariate analyses were used to examine changes in the distribution of traits over gradients of trawling intensity. Changes in the functional structure of the community due to the effects of long-term trawling were identified in 3 of the 4 areas sampled. Filter-feeding, attached and larger animals were relatively more abundant in lightly trawled areas, while areas with higher levels of trawling were characterised by a higher relative biomass of mobile animals and infaunal and scavenging invertebrates. Univariate analysis of selected traits confirmed the patterns observed in multivariate analysis. These results demonstrate that chronic bottom trawling can lead to large scale shifts in the functional composition of benthic communities, with likely effects on the functioning of coastal ecosystems.
INTRODUCTION
The growing commitment to an ecosystem approach to fisheries means managers need to take into account the wider environmental impacts of fishing (Sinclair & Valdimarsson 2003 , Pikitch et al. 2004 . Bottom trawling has extensively documented and global impacts on benthic communities and habitats, leading to reduced biomass, production and diversity (e.g. Hall 1999 , Kaiser & De Groot 2000 .
Changes in species composition may alter the functional diversity of communities and modify ecosystem functioning (Chapin et al. 1997 , Diaz & Cabido 2001 , Tilman 2001 , Solan et al. 2004 ). Species process resources at different rates and through different pathways, and also differ in the effects they have on the physical environment and in interactions with other species. The range and value of functional traits in a community will determine its functional diversity (Diaz & Cabido 2001) . Functional diversity has been shown to maintain ecosystem processes in some communities (Diaz & Cabido 2001 , Tilman 2001 , but the effects are more idiosyncratic in others (Emmerson et al. 2001 ). Key to understanding the effect of trawling disturbance on the functioning of benthic ecosystems is the relationship between the function of species and their vulnerability to trawling disturbance (Larsen et al. 2005) . If extinction order is not random with regard to ecological function, the impact of trawling on ecosystem functioning is likely to be much larger than when extinctions are random (Solan et al. 2004 , Gross & Cardinale 2005 . Thus, it is important to understand whether trawling impacts ecosystem performance through non-random extinctions of functional groups.
In general, body size and life history are correlated. In the benthos, larger organisms have lower natural mortalities, slower growth and lower annual reproductive output, increased longevity and lower natural rates of intrinsic increase (Brey 1999) . Species with large body sizes are therefore less able to compensate for high mortality rates inflicted by bottom trawling than smaller sized species that have faster life cycle rates and higher reproductive output. As a result, benthic communities in trawled areas are dominated by smaller species with higher productivity per unit biomass or by highly mobile epibiota , Jennings et al. 2001 . Therefore, if life history is strongly correlated with function, then the impact of trawling on productivity and other processes is likely to be larger than when body size and ecological function are not correlated (Thrush & Dayton 2002) . To date the relationship between body size and ecological function has not been tested.
Large parts of most shelf seas have been intensively exploited by bottom trawlers for decades. Assessing the long term and large scale impact of chronic bottom trawling on ecosystem functioning should therefore have priority in studies of the impact of bottom trawling. However, hitherto most studies have focussed on assessing the small scale and relatively short term effect of trawling in experimental studies (for overview see Collie et al. 2000b . Although these studies provide useful insights into the short-term effects of physical disturbance, they do not further our understanding of likely long-term changes. Comparison of the current composition of benthic communities with historical data can yield information on relevant temporal and spatial scales, but it is difficult to separate bottom trawling impacts from other environmental changes (Rumohr & Kujawski 2000 , Robinson & Frid 2005 . More relevant for the study of the long term effect of chronic trawling on the functional composition of the benthos are large-scale studies that compare areas with known differences in commercial bottomtrawling history. Unfortunately, many of these studies do not have spatial replicates because of the lack of detailed spatial effort distribution data and the scarcity of marine reserves that might act as reference points (e.g. Bradshaw et al. 2003 , Bremner et al. 2003b ). Up to now, only a few large scale studies that examined the benthic functional composition had an experimental design that enabled the observed effects to be attributed to chronic trawling disturbance (Collie et al. 1997 , Thrush et al. 1998 , Collie et al. 2000a , McConnaughey et al. 2000 , but none of these has examined a comprehensive set of functional traits. Generally, these studies found a negative impact of trawling on sessile, colonial epifauna and bushy animals, long lived surface dwellers, and positive effects of trawling on deposit feeders, opportunists and small animals (Peterson et al. 1987 , Collie et al. 1997 , Thrush et al. 1998 , Watling & Norse 1998 , Collie et al. 2000a , Rumohr & Kujawski 2000 , Bradshaw et al. 2003 , Bremner et al. 2003a . Different studies found contradictory the responses of both scavengers and predators to trawling (Thrush et al. 1998 , Rumohr & Kujawski 2000 , Bremner et al. 2003a ).
The present study examines the large scale and long term impact of chronic trawling on the functional composition of benthic invertebrate communities using a comprehensive set of functional traits. Biological trait analysis considers a range of biological taxon characteristics to assess how functioning varies between assemblages. Trait analysis is a potentially useful approach for assessing ecosystem function on both large and small scales in benthic environments (Bremner et al. 2003a , Bremner et al. 2003b ). This paper investigates the effects of bottom trawling on life history and a range of ecological functional traits of benthic invertebrate communities. We analysed the trait composition of benthic invertebrate communities from 4 areas that covered a wide range of habitats in the North Sea, over a gradient of trawling intensities in each area. The relationship between life history and ecological function was examined to determine if species in similar functional groups have equivalent life histories. If life history traits influence the impact of trawling on population size, this correlation indicates the probability of functional group extinction and identifies which ecological functions are most likely to be affected by bottom trawling. The current study is unique because it examines the impact of trawling on a large set of ecological and life history characteristics and the relationship between these parameters, and on a much larger spatial scale (400 km) than previous studies while controlling for differences between habitats and using spatially detailed fishing effort data. Because of the general nature of the analysis of ecological function, the range of habitats considered and the large scale examined, our results are likely to be applicable to shelf seas in other geographic regions.
MATERIALS AND METHODS
Study area. Beam and otter trawls are 2 of the most widely used fishing gears in the North Sea. Otter trawls are mainly used in the northern North Sea in fisheries for Nephrops norvegicus and gadoids. Beam trawls have been used since the 1970s in the southern North Sea to catch flatfish (Jennings et al. 1999a ). Bottom trawling continues throughout the year. Assessments of the effects of trawling were based on measurements of the biomass of benthic communities at stations subjected to different levels of fishing intensity in 4 areas with different habitat types (in terms of sediment, depth and tidal currents; Table 1 , Fig. 1 ). Each area was characterized by strong gradients in trawling intensity and relative homogeneity of physical habitat.
We made sure no correlation existed between trawling intensity and known environmental parameters like sediment composition, depth and tidal currents. We expected trawling effort to be spatially heterogeneous in areas of homogeneous habitat because fishers tend to trawl along paths that are recorded in their navigation systems and are known to be free of obstructions, like wrecks and pipelines, that could damage the trawl gear (Auster & Langton 1999 , Holland & Sutinen 2000 . This pattern of effort within habitats persists over many years and Dinmore et al. (2003) showed that unfished areas are not necessarily unsuitable for trawling. Regular trawling may make the seabed more suitable for trawling by removing boulders and large sessile fauna like sponges, and may improve feeding conditions for some commercial fish species (Rijnsdorp & Vingerhoed 2001) . Nevertheless, fishermen try to avoid areas where fish catches are low (although they do not always succeed in this, Murawski et al. 2005) , and therefore may select areas with a particular benthic community composition. Thus, when using existing gradients in trawling intensity the possibility exists that, even if trawling has no impact on the benthos, differences in community composition that seem to be related to trawling intensity can be found. This is a general problem of comparative fishing impact studies and this problem is not avoided by studies comparing fished areas with marine reserves or closed areas (e.g. Engel & Kvitek 1998 , Collie et al. 2000a ) because marine reserves, like terrestrial reserves, are unlikely to be randomly situated with regard to ecosystem productivity and biodiversity. The design of comparative fishing studies is further complicated because trawling is likely to affect sediment characteristics (e.g. Palanques et al. 2001 , Trimmer et al. 2005 . We tried to avoid confounding of trawling impacts by examining large trawling gradients in relatively small areas while minimizing differences in environmental conditions. Therefore, within the individual study areas, trawling effort distributions were unlikely to be related to patterns in ecosystem productivity. Previous studies have shown that trawling can have a much larger impact on benthic communities than can be expected from small differences in environmental conditions (e.g. Jennings et al. 2001 , Hermsen et al. 2003 . However, in the 33 Trawling intensity. High resolution fishing effort data were obtained from the Vessel Monitoring System (VMS), a satellite tracking system of fishing vessels over 24 m length overall. In the offshore areas we studied, very few vessels below this size operate. Dinmore et al. (2003) gives a more detailed description of the use of VMS data. Since 1 January 2001 all EU fishing vessels > 24 m length on trips for more than 24 h have been required to report their position via satellite to monitoring centres in their flag states at 2 h intervals. The speed of vessels can be determined from 2 consecutive position records and after eliminating stationary vessels and those that are assumed to be cruising (> 8 knots), the number of trawl passes per unit area per unit time can be calculated (Dinmore et al. 2003) . Trawling intensity was expressed as the average area covered by trawling in a year (yr -1 ), e.g. a trawling intensity of 2 yr -1 means that an area was trawled twice a year. For the calculation of yearly trawling intensity it was assumed that trawlers fished at a speed of 5 knots with a fishing gear width of 24 m i.e. either one 24 m wide otter trawl or two 12 m wide beam trawls (Jennings et al. 2002) . We used the average trawling effort over 2 1 ⁄ 2 yr period because recovery from trawling probably takes at least 2 1 ⁄ 2 yr (Blyth et al. 2004 ) and in many systems probably much longer than that (Hermsen et al. 2003) . Obviously, the exact time since the last trawling disturbance will have had an effect on the current local community composition. We assumed that the relatively large area (> 900 m 2 ) covered by the three 2-m-beam trawl samples overlapped many recent and old trawl tracks and assured that the average trawling intensity over the last 2 1 ⁄ 2 years was a good descriptor of the trawling disturbance experienced by the sampled community. We will discuss later what the implications of the different sampling seasons for the different areas (March, June and September) are for the interpretation of our results.
Sampling of the invertebrate community. Benthic invertebrates were sampled with a 2-m-beam trawl fitted with a chain mat and a 2-mm-mesh liner (Jennings et al. 1999b ). The trawl was towed at a speed of 0.8 m s -1 for 5 min. The towing period was timed from the moment that the net contacted the seabed until the moment of hauling. Start and end positions for the beam trawl hauls were recorded using the ships Differential Global Positioning System (DGPS) and the towed distance (m) calculated from these positions. Three replicate samples were taken at haphazard positions, but trawling direction was usually dictated by the direction and strength of tidal currents and wind. All organisms taken in the beam trawl sample were removed for processing. Samples were sorted and identified to the lowest taxonomic level possible and wet weights were recorded for individual animals and colonies. Animals that inhabited shells they did not secrete were removed from these shells for weight determination (e.g. hermit crabs Pagurus sp.). The biomass of species in the 3 replicate samples for each station were summed and converted into values of biomass 1000 m -2 to standardise data collected among stations and areas. Samples from the Long Forties grounds contained large masses of entangled hydroids and bryozoans; because separating these was unfeasible they were weighed together. No sampling gear representatively samples the entire benthic invertebrate community, and the 2-m-beam trawl is not particularly efficient (Kaiser et al. 1994 , Reiss 2005 . Although a 2-m-beam trawl primarily catches epifaunal animals, some infaunal animals like bivalves are also sampled. In the rest of this paper we will use the term 'benthic invertebrate community' for all animals caught using the 2-m-beam trawl, and thus our data represent only that component of the assemblage sampled by this gear.
Analysis overview. To predict whether the functional diversity of areas is likely to be altered by trawling or not, selected life history characteristics of species were compared with characteristics that describe their functional attributes. The relationship was tested using variables for both life history and ecological function coded in a way known as fuzzy coding (codage flou) and compared using the RELATE routine in the computer package Primer (Clarke & Warwick 1994) . Fuzzy coding provides a description of species traits by the distribution of species attributes across a range of trait modalities (categories) defined from knowledge of biological and ecological characteristics (Chevenet et al. 1994) . The functional diversity of benthic invertebrate communities across the trawling gradients in each area was described using a form of correspondence analysis with separate factorial analysis of life history and ecological traits. Changes in functional structure were analysed further by conducting linear regression on selected characteristics. The methods are explained in more detail below.
We based our analysis of changes in functional composition on biomass because many important ecological processes are strongly affected by functional group biomass. Additionally, unlike e.g. numerical density or body size, biomass can be summed within functional groups in a meaningful way. Furthermore, some organisms, such as bryozoans, cannot be counted easily.
The effect of trawling on biomass, production and species richness of benthic infaunal and epifaunal communities on the Dogger Bank, Northwest Rough and Fladen Ground is presented in different papers .
Fuzzy coded species databases. Data were gathered from the literature on 6 life history and 4 ecological functional traits for each taxon (see sections below). The information was used to produce taxon tables containing information on the life history variables and ecological function variables. Each trait variable was broken down into a number of modalities (categories) chosen to encompass the range of possible attributes of all species. For example, the ecological functional trait 'adult mobility' was separated into the following modalities; 'permanently attached', 'temporarily attached', 'sedentary', 'burrower', 'crawler' and 'swimmer'. Taxa were scored for their affinity to each modality of each variable using fuzzy coding. Fuzzy coding allows taxa to exhibit categories of a variable to different degrees (Chevenet et al. 1994) . Fuzzy coding is an appropriate measure as functional traits are not necessarily absolute but are modified on temporal and spatial scales, e.g. feeding in the amphiurid brittle star Amphiura filiformis is related to the tidal cycle switching from filter feeding when current velocity is high to deposit feeding at depth when current velocities are low (Solan & Kennedy 2002) . In this study, species were assigned to modalities by 5 different codes, where 4 = total affinity with a trait and 0 = no affinity. The hermit crab Pagurus bernhardus, which is primarily a deposit feeder, then an omnivorous scavenger which occasionally filter feeds and acts as a predator was assigned as; Deposit Feeder = 3, Filter feeder = 1, Scavenger = 2 and Predator = 1. These scores were converted into percentages (P. bernhardus becomes 43, 14, 29, 14) to provide uniform row totals for the subsequent RELATE analyses. We assumed that species exhibited the same biological traits throughout the North Sea, regardless of the habitat, as it is impossible to find habitat dependent trait information for most species.
To reduce the demand for biological trait data while minimizing the impact on the conclusions, only animals that were present in the top 90% of biomass at any station in the Dogger Bank (DB), Northwest Rough (NW) and Long Forties (LF) areas were used in the analysis. Species that made up to 99% of the biomass in the Fladen Ground (FG) area were included to compensate for the high dominance of Pandalus borealis in samples. This approach retained those species that represented most of the biomass while removing the rarer species, about which little or no reliable ecological and life history information was available. A total of 54 taxa was examined. These were identified to the nearest practicable taxonomic level, varying from species to genus and phylum. The final taxa subset was divided among phyla as follows: 1 Porifera; 13 Mollusca; 1 Hemichordata; 15 Echinodermata; 14 Crustacea; 2 Bryozoa; 4 Cnidaria; and 3 Annelida. We also used a mixed entry of Bryozoa/Cnidaria to code for the mixed sample of hydroids and bryozoans. The data gathered on the species with an attributed reference list are in the appendices (available as Supplementary Material at www.int-res.com/articles/ suppl/m318p031_app.doc).
Data on marine benthic invertebrates are widely scattered, and thus a wide variety of information resources was used, including the journal abstract services BIOSIS and ASFA and the website of the Marine Life Information Network (www.marlin.ac.uk). Where the available data were supplemented by using information from congener species, this is indicated in the table. Information on the ecology of species proved easier to find than life history information. Missing data were based on knowledge of the ecology and life histories of similar species and for life history parameters from body size. The validity of this approach relies on the fact that there are consistent links between body size and life history. However, this means that the power to detect differential effects of trawling on different life history parameters was reduced. Where a characteristic was inferred from another modality, this is identified as 'inferred' in the appendices, e.g. species that are deposit feeders are inferred to feed on organic detritus.
The biomass of the mixed sample of hydroids and bryozoans sampled at LF was used in the modality weighting for the fuzzy coded ecological trait table (see below). Ecologically they are similar and could be assigned to modalities in a similar way. However, they differ in life history characteristics and were therefore excluded from the RELATE and life history analyses.
Ecological functional characteristics. The variables describing ecological function were chosen to include the characteristics that we considered to have the strongest effect on energy flow in the ecosystem and likely to be available for most species (see Table 2 for the categories and modalities). Functional traits most likely to have profound effects on ecosystem processes are those that (1) modify the availability, capture and use of abiotic resources and (2) affect the feeding relationships (trophic structure) within a community (Chapin et al. 1997) . Two variables relating to resource dynamics through supplies of nutrients and space ('movement' and 'habitat') and 2 variables reflecting trophic structure ('feeding type' and 'food type') were used to depict these. Within these variables the modalities were chosen to cover the possible range of types. Within this study, we defined the modality 'filter feeder' to include organisms such as bivalves that can also be classed as suspension feeders.
Life history characteristics. Life history characteristics were chosen to discriminate among taxa on the basis of vulnerability to trawling (Table 3) . Each variable described an aspect of life history that is known to influence trawling vulnerability and the modalities within each variable were chosen to divide species as much as possible into either low or high vulnerabilities. Modeling and previous studies have shown that the composition of trawled invertebrate communities tends to shift in favour of species with typical r-selection traits: short lifespan allied with fast growth and early onset of sexual maturity. The life history characteristics used to reflect this were 'size', 'maximum longevity', 'age of sexual maturity' and 'reproductive frequency'. The weight of the heaviest individual of each taxon was used to assign the taxa to one of the size modalities. These 4 traits are typically correlated with one another according to life history theory (Stearns 1992) and therefore one is likely to be as good a measure of vulnerability to trawling as any other. For the purpose of our multivariate analysis, however, including 4 correlated life history traits makes the results less sensitive to the particular chosen trait.
Other trait variables included were 'reproductive technique' and 'dissemination'. Species that can disperse widely either by having pelagic larvae and/or active mobile, migratory adults are predicted to have an advantage in recolonising trawled areas compared to species for which reproduction is by direct development and adults have low mobilities. To a certain extent the category may be seen to overlap the first ecological character: 'movement'; but in this case the variable aim is to elucidate the potential of long-range dispersal, hence the inclusion of a modality concerning larval development. In marine systems community composition has been linked strongly to patterns in recruitment as well as competition for resources (Olafsson et al. 1994) .
Correlation between ecology and life history. The correspondence between life history characteristics 36 Relationship between functional composition and trawling intensity. To assess functional diversity changes between stations in each area, a table of stations by biomass-weighted modalities was produced for each area. The biomass for each species was multiplied by its modality scores within each variable. These were then summed for each modality to produce biomass weighted life history and ecological function tables for all stations. These tables were analysed separately by Fuzzy Correspondence Analysis (FCA) using the multivariate analysis software package ADE-4 (Thioulouse et al. 1997) .
FCA is a type of correspondence analysis used when variables are fuzzy coded. This analysis is also known as a multiple correspondence analysis (MCA) extended to non-disjunctive arrays (Chevenet et al. 1994) . Correspondence analysis was developed for situations where the objects of interest (in this case the stations within each area) were described by measures of the abundance of different characteristics (Manly 2000) . We used uniform row weights because we were interested in the comparison of the distribution of traits within stations. FCA ordinates samples on a multidimensional plane using Euclidean distance based on χ 2 distance (Greenacre 1984) . This maximizes the distances between samples. High weighting is given to rare or less well-represented values. In this study this was an acceptable procedure due to the need to represent variables that were particularly vulnerable to trawling and may thus be underrepresented in samples.
FCA results were presented by plotting the scores from the first 2 axes for each station and each modality. Since the station values are an average of the modality values and vice versa, it is usual to plot the scores for each on the same axis giving an ordination of both at the same time (Manly 2000) . Stations that are closer together in the factor map have similar patterns of biomass distributions across modalities. Distances between the stations can therefore be interpreted in terms of changes in the proportional biomass of modalities. The area of the circles representing the stations on the plots indicates the trawling intensity (yr -1 ) with larger circles indicating higher levels of trawling. To aid display and interpretation, the points representing the ecological and life history modalities were given the same arbitrary small size. There are no statistical significance tests that are customarily applied to the results of correspondence analysis.
Analysis of biomass and selected traits. The relationship between trawling intensity and the biomass of the modalities 'permanently attached', 'filter feeding', 'burrowing' and 'scavenging' for the 4 areas was described using least squares linear regression. These modalities were chosen as they were particularly linked to differences associated with trawling according to the multivariate analyses. Regression analysis was also performed on the biomass weighted modalities of the life history variables 'size' and 'longevity'. Biomasses and trawling intensity were log 10 (n + 0.1) transformed before statistical analyses to normalize residuals, and examined visually for normality.
RESULTS

Correlation between life history and ecological function
There was a significant correlation between the life history and ecological function similarity matrices at the muddy area, FG (ρ = 0.16, p = 0.018). There was no correlation between life history and ecological function similarity matrices of the species found in the other areas (DB: ρ = 0.075, p = 0.179; NW: ρ = -0.027, p = 0.647; LF: ρ = -0.054, p = 0.729). At FG, filter feeders had a low adult mobility and an age of < 2yr at sexual maturity, and they were sexual spawners. Epifaunal animals generally have a pelagic life stage.
FCA of ecological functional variables
For each area more than 75% of the variation in the data was accounted for by the first 2 axes of the ordination. Most of the variation was contributed by the variable 'movement', followed by 'feeding type' and 'food' (Table 4 ). For DB, there was no consistent change in functional diversity between stations in relation to trawling intensity ( Fig. 2A) . For the other 3 areas there was an apparent separation of stations of different trawling intensities based on variations in trait compositions (Fig. 2B-D) . As there is an association between 'feeding type' and 'food type', points representing these modalities are usually close to-gether on the axes. For clarity, the points for 'food type' are therefore not included on the ordination plots illustrated. Stations with lower trawling intensities were distinguished by greater biomass of 'attached' (permanent and temporary) organisms at areas FG, LF and NW. These stations were also characterized by a higher proportional biomass of 'epifaunal species' and 'filter feeders'. In contrast, the stations that experienced higher trawling intensity at these areas were associated with a greater proportional biomass of 'infauna', 'burrowers' and 'scavenger/carrion feeders' and 'predators'. 
FCA of life history variables
For each study area greater than 80% of the variation in the data was accounted for by the first 2 axes of the factor ordination (Table 4) . Examination of the correlation ratios showed that most of the variation was contributed by the variables 'size', 'longevity' and 'reproductive type'.
There was no separation of stations of varying trawling intensity by life history modalities at DB on the basis of the ordination of stations and modality scores from the FCA (Fig. 3) . Separation of stations by life history modalities occurred to varying degrees at the other 3 areas (Fig. 3) . This indicates that there were differences in proportional life history composition of the communities sampled in these stations and that these could be related to different degrees of trawling intensity. At areas FG, LF and NW, stations with lower trawling intensities were associated with a greater proportional biomass of long-lived and 'large' and 'very large' organisms. At NW there was a reduction in the proportion of biomass contributed by 'large' and 'very large' organisms along a gradient of increased trawling intensity. Longevity followed a similar pattern at this area with stations of lower trawling intensity associated with a greater proportional biomass of longer lived organisms. Corresponding with this the age at which sexual maturity was reached again declined with increasing trawling intensity.
At NW the reproductive types 'asexual', 'direct development' and 'semelparity' were better represented in stations with lower trawling intensities. Stations with lower trawling intensities at areas FG, LF and NW were associated with a higher proportional biomass of organisms that had no pelagic stage in their life cycle while stations with higher trawling intensities had greater proportions of migratory and highly mobile adults. Thus, in general, the least trawled sites tended to be distinguished by a higher proportional biomass of 'very large' and longer-lived organisms and those without a pelagic life stage than those stations with higher trawling intensities.
In Figs. 2 & 3 the relative positions of the functional attributes vary between locations, because the species identities and their relative contribution to biomass are different between areas. From Figs. 2 & 3, it cannot be concluded if these differences are environmentally driven or related to the variation in trawling intensity between areas.
Univariate relationships between trawling intensity and biomass
Trawling significantly reduced the biomass of 'permanently attached' and 'filter feeding' species across the 4 areas (Fig. 4, Table 5 ). The biomass of 'scavengers' and 'burrowers' was not significantly affected by trawling. There was a significant negative effect of trawling on the biomass of long-lived and 'large' animals, while there was no effect of trawling on the biomass of short-lived and small animals (Fig. 5, Table 5 ).
DISCUSSION
This study indicates that there are effects of chronic bottom trawling disturbance on the functional composition of marine invertebrate communities at the scale of the fishery across a range of habitats. Changes in the functional composition of the benthic community that could be related to trawling intensity were found in 3 out of 4 areas, using both multivariate and univariate analyses. As changes in functional structure were consistent over 3 of the 4 areas sampled, and because stations were distributed over a relatively small area within these 4 areas, this suggests that trawling was the factor responsible for these changes rather than the effects of other environmental parameters. We found a significant correlation between life history and ecological function in the muddy FG area only. The reason why we found this relationship in the FG and not in the other areas remains unexplained. This indicates that in the FG, members of similar ecological functional groups have similar life histories, and therefore that trawling may affect ecological function indirectly through selective effects on animals with specific life histories. However, in the other 3 areas we did not find such a correlation, while we did find an effect of trawling on the functional composition in 2 of these areas. The lack of correlation between life history and ecological function in 39 these areas means this could not be explained by changes in abundance of functional groups in which all species had similar life histories, and suggests that there is another reason why ecologically similar animals were also similarly vulnerable to trawling. In the present study, trawling appears to affect the functional composition of benthic communities in the North Sea in similar ways in 3 out of 4 habitats according to the multivariate FCA, and in all 4 areas, independent of sediment types and depths, using a univariate analysis. Stations with lower trawling intensities had a greater proportional biomass of attached epifauna and filter feeders. Although previous studies have shown that these functional types are particularly vulnerable to trawling disturbance in specific habitats (e.g. Collie et al. 2000a , Bradshaw et al. 2003 , no previous studies have shown this to be a general effect of trawling over larger spatial scales in different habitats. The benthic communities sampled from stations with higher trawling intensities were characterised by greater proportions of deposit feeders, burrowers and scavengers. Scavenging species congregate in the tracks made by a trawl pass to feed on exposed and damaged or dead organisms (Kaiser & Spencer 1996 , Collie et al. 1997 , Ramsay et al. 1998 , Groenewold & Fonds 2000 , Morello et al. 2005 and are often the dominant fauna in areas subjected to high levels of physical disturbance (Collie et al. 1997 . Because we cannot calculate the exact trawling history in the months previous to sampling of the stations using VMS effort data, the relative increase in scavengers observed in this study may be due to both a short term response to trawling or due to a long term increase in scavenging species. A comparison of historical with more recent data suggested that a long-term increase in scavenging species has occurred (Rumohr & Kujawski 2000) .
Changes in the life history composition of communities towards smaller animals due to disturbance can be expected from ecological theory (Dickie et al. 1987) , and has been found for benthic invertebrates in earlier studies (e.g. Jennings et al. 2001 , McConnaughey et al. 2005 ). Here we found that benthic communities at more heavily trawled sites had a higher proportional biomass of smaller, shorter-lived species that reproduce sexually and that produce pelagic larvae.
Attached epifaunal filter feeders were particularly vulnerable to trawling (Collie et al. 2000a , Pitcher et al. 2000 , Bradshaw et al. 2003 . These have been shown to affect benthic biodiversity by providing small scale habitat complexity, acting as refugia and as settlement substrata (Bradshaw et al. 2003) . Filter feeders capture large quantities of particles and phytoplankton from the water column and may directly and indirectly regulate primary and secondary production (Gili & Coma 1998) . Suspension-feeding bivalves can remove 60 to 90% of suspended matter, depending on particle size, from the horizontal particle flux (Loo & Rosenberg 1989) . By ejecting unsuitable particles, such as mucous wrapped pseudofaeces, bivalves also increase the rate of particle deposition to the seafloor and stimulate microbial production (Newell 2004) . Reduction of biomass within these groups may alter the pattern of resource use in the community and change energy flow through the benthic ecosystem.
DB was the only area where there were no apparent differences in the functional composition of communities that experienced different levels of trawling. The benthic communities at the DB area may display fewer functional changes due to trawling effects because they are already adapted to high levels of natural disturbance (Kaiser & Spencer 1996 . DB is the shallowest site with sand sediments and hence may be subjected to greater disturbance due to currents and waves than the other areas that have similar sediments but are deeper, such as NW. Small scale experimental trawling studies also showed that the initial impact of trawling was least on sand sediments (Collie et al. 2000b) .
Changes that alter the functional diversity within an ecosystem alter resource use and would be expected to have an effect on the productivity of the ecosystem (Tilman 2001) . If functional diversity is reduced by depletion or deletion of a functional group, then certain resources would be under exploited or unexploited relative to undisturbed communities or redirected to other compartments such as the microbial loop (Diaz & Cabido 2001 , Baird et al. 2004 ). This would be expected to lead to a reduction in the productivity of the ecosystem indicated by a reduction in biomass. Because there was no relationship between life history and ecological function in the DB, LF and NW areas, functional diversity was predicted to be more robust as a result of functional redundancy. If members of functional groups have diverse life history strategies, then density-dependent compensation by resilient members of the same functional group may stabilise functional diversity. In these areas, it could be predicted that productivity would be affected less by trawling intensity. However, replacements by functionally similar but more resilient species to trawling do not appear to have occurred within these areas. A reason for this may be that competition is not the most important structuring influence in these ecosystems. If species within a functional group do not compete for resources there may not be a reciprocal increase in more resistant species when larger species within the group are removed. In addition, the ecological features of species could also directly affect their vulnerability to trawling impacts, e.g. filter feeders have to live close to the sediment surface. In the case of attached-filter feeders, it is easy to imagine how their sedentary and emergent position at the sediment-water interface makes this group particularly vulnerable to trawling (e.g. Collie et al. 2000a , Hall-Spencer et al. 2002 , Bordehore et al. 2003 .
Because the 2 m beam trawl is not particularly efficient and only samples a subset of the whole benthic invertebrate community, our results are primarily relevant for epifaunal invertebrates. The biomass and spe-cies richness of infauna is strongly underestimated by this trawl (catch efficiency likely to be lower than 15%, Reiss 2005) and this is likely to increase the variation in the biomass estimates of infauna. However, we do not expect a bias in sampling efficiency of infauna and other functional groups that relates to commercial trawling intensity.
Because of logistical constraints, the 4 areas were sampled on 3 different cruises in different months over a 15 mo period. This means that differences in the response to trawling between areas can be due to both seasonal and annual fluctuations in the relative biomasses of different functional groups. This may have particularly affected life history traits, as the biomass of short-lived small animals is likely to be related to their seasonal reproduction cycles. The DB area was the only area where we did not find an effect of trawling on the relative biomass of different functional groups. However, this area was sampled in the same cruise as for LF, for which an effect was found. This suggests that the precise moment of sampling did not strongly affect our conclusions. Another reason why sampling season may not have greatly affected our conclusions is that community recovery from trawling is likely to take several years (Hermsen et al. 2003 , Blyth et al. 2004 , Murawski et al. 2004 , Beukers-Stewart et al. 2005 , and on a timescale of 15 mo trawling effects are likely to be larger than seasonal and annual variations.
We assumed that species exhibited the same biological traits throughout the North Sea, regardless of the habitat, as it is impossible to find habitat dependent trait information for most species. This may have caused an overestimate of the effect of trawling on functional composition as this means we did not allow for adaptation of species to local conditions. Because of the practical impossibility of sorting the mixture of bushy hydroids and bryozoans into separate phyla and because of the difference in their life history, they were excluded from RELATE and life history trait analysis. This may have affected the results for these analyses in ways that are difficult to anticipate, in particular in LF where foliose hydroids and bryozoans were very abundant.
Different weighting was placed on the rare functional groups by different analyses. We excluded species that were rare in all areas from the analysis to reduce the demand for functional data. On the other hand, FCA weighs functional groups in extremes of data distribution stronger. Patterns from multivariate analyses should therefore be corroborated by univariate analyses (e.g. regression of group biomass against trawling intensity) to clarify observed patterns.
The present study indicates the usefulness of fuzzy coded traits and FCA as a way of using information on species sensitivities and ecological function, together with their distribution, to measure changes in ecosystem functioning. The use of this technique enabled changes in the proportional representation of functional traits to describe changes in likely ecological functioning due to trawling. FCA and univariate regression analysis can be used as complementary analysis methods, given that FCA analyses changes in the proportions of the biomasses of the different modalities, while the regression analysis examines absolute changes in the biomass. Interpretation of the results of a FCA is rather subjective, and should therefore be primarily used as an exploratory tool in conjunction with subsequent univariate analyses to verify the observed trends.
Analysis of fuzzy coded traits appears to be useful as a tool to measure the impact of anthropogenic impacts that could also be used to assess the outcome of management strategies on ecosystem functioning. Identification of the threshold levels of fishing that benthic communities can withstand before functioning is altered would be pertinent to guide decisions under an ecosystem approach to management. One clear outcome is that fishing effort ideally should be directed away from areas where functional structure and productivities would be highly altered by trawling (such as LF in this study).
The analysis of functional diversity highlights the necessity of accurate biological and ecological information. Data are currently most readily available for animals with a high economic value reflecting the bias of human interest in marine environments. There is a need for continuing autecological studies of marine organisms to further our knowledge of fundamental life history traits and ecological requirements of species to inform scientific work and policy decisions.
